Here we demonstrate a simple strategy for the large-scale synthesis of void-induced and graphenewrapped nickel oxide (VGWN) hybrids using domestic microwave irradiation. When a homogeneously mixed aqueous suspension of partially microwave exfoliated graphene oxide (MEGO) sheets and nickel nitrate nanoparticles is irradiates with a microwave, the in situ formation of voids with wrapping of NiO nanoparticles with graphene sheets is easily realized. The novel VGWN hybrid materials were used for investigation of electrochemical capacitive behaviours. Remarkably, such hybrid structure provides the right combination of electrode properties for high-performance supercapacitors and cyclic stability. The wrapping of graphene sheets on the NiO nanoparticles can offer highly conductive pathways by bridging individual NiO nanoparticles together, thus facilitating the charge/discharge rate and cycling performance of supercapacitors. The hybrid materials displayed enhanced capacitive performance (549 F g À1 at 10 mV s À1 ). Additionally, over 88% of the initial capacitance was retained after repeating the cyclic voltammetry test for 2500 cycles. The enhanced electrochemical performance can be ascribed to the synergic effects of the two components' voids and wrapping, suggesting VGWN hybrids as novel electrode materials promising potential applications as high-performance energy storage devices.
Introduction
For a new generation, systems as promising candidates for energy storage supercapacitors with high performance such as high power, longer stable cycle life, fast charge-discharge rate and low maintenance cost are required. [1] [2] [3] [4] Supercapacitors have two energy storage mechanisms, namely electric double layer capacitance (EDLC) and pseudocapacitance. Pseudo-capacitive materials, such as transition metal oxides, are being explored for use in supercapacitors with a large specic capacitance and high energy density. 5 However, pseudocapacitors oen suffer from the low charge-discharge rate capability and poor stability, since the metal oxide materials are usually insulating or semiconducting, which hinders the fast electron transport required for high charge/discharge rates. Recently, hybrids nanomaterials made by chemically modied with graphene and transition metal oxides have attracted wide attention in the eld of supercapacitors due to their synergetic effect, arising from the combination of the redox reaction of metal oxides with the high surface area/conductivity of graphene, to improve the electrochemical performance. 6 The high theoretical surface area of graphene (2630 m 2 g À1 ), 7 high young modulus ($1.0 TPa) 8 as well as good thermal properties ($5000 W m À1 K À1 ) 9 and high electrical conductivity 10 makes it an attractive material for applications in supercapacitors and batteries.
11
It has been reported that the electrochemical performance of supercapacitor hybrids are highly dependent on the quality and conductivity performance of graphene.
12, 13 The strong p-p stacking and van der Waals force between the planar basal planes of graphene sheets result in self-agglomeration of graphene, creating particulate graphite platelets which lose the unique ultrahigh surface area of graphene sheets. This adversely affects the potential applications of graphene based macro scale structures in the elds of supercapacitors and batteries. It was found that the loading of metal oxide nanoparticles can prevent or decrease the possibility of agglomeration and restacking of graphene, and consequently provide a higher electrochemically active surface area, resulting in higher electrochemical performance. To prevent selfaggregation of graphene, currently a number of strategies have been developed for fabricating porous macro scale structures. These includes the addition of "spacers", template-assisted growth, 14 crumpling of graphene sheets, 15 
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The wrapping of graphene on metal oxide or on spacers as voids, also enhance the properties of synthesized hybrids for supercapacitor applications such as specic capacitance, stability, long time durability etc. Therefore, a method to prepare the hybrid materials in which metal oxide particles are wrapped, encapsulated, intercalated sandwich matrix still remains a challenge. In these models metal oxide tightly bonds and are conned within graphene matrix which limits its mobility during the electrochemical measurements. Herein we report the scalable microwave assisted synthesis of voids-induced graphene-wrapped NiO (VGWN) nanoparticles with improved performance as electrode materials for supercapacitor applications. We believe that an effective strategy for the production of uniformly dispersed and wrapped NiO nanoparticle is to reduce graphene oxide by employing microwave irradiation. Moreover, we also demonstrate that the VGWN hybrids are excellent materials due to presence of wrapped metal oxide and voids which makes it naturally favourable for the use as supercapacitor electrodes. Also, the unique structure of graphene and NiO with a large specic surface area and voids present allows the rapid access of electrolyte ions to the NiO surface. As an electrode material for electrochemical supercapacitor, it can deliver 515 F g À1 specic capacitance. Our synthesis method presents a promising general route for the large-scale production of wrapped graphene-metal oxide nanoparticles with voids as energy storage materials.
Experimental section
Synthesis of partially microwave exfoliated graphene oxide (MEGO)
In the present investigation, graphite oxide was synthesized by chemical oxidation of graphite powder, the modied Staudenmaier's method. 22 The graphite oxide powder was partially exfoliated employing microwave irradiation for short time at relatively low temperature. 23 Aer irradiation, its structure becomes porous with some functional groups attached on the surfaces. The microwave exfoliated graphene oxide (MEGO) were characterized and used in the next step for wrapping onto the surface of metal oxide nanoparticles.
Synthesis of VGWN hybrids
For synthesis of voids-assisted graphene wrapped NiO hybrids, a series of systematic experiments was carried out for optimization. In a typical synthesis experiment, partially MEGO (15 mg) was dispersed in de-ionized (DI) water (50 mL) using ultrasonicator for 10 min. Aer that, 0.20 mg nickel nitrate (Ni(NO 3 ) 2 ) was dissolved in 20 mL DI water and added to the above MEGO dispersed solution. The nal solution was subject to further ultrasonication for 10 min, giving the nickel ions present in the solution full access to the MEGO surface. Then, 3 mL of diluted ammonia (NH 3 $H 2 O) was added to the above mixture solution under stirring (30 min). Subsequently, 0.15 mL of hydrogen peroxide (H 2 O 2 ) was added slowly into the solution and stirred for 30 min to obtain a homogeneous solution. The black precipitated products were ltered out and washed with DI water several times and then dried under a vacuum atmosphere at room temperature for overnight for complete evaporation of moisture. Finally, this material was exposed to microwave irradiation for 3 minutes for the formation of VGWN hybrids. The as-synthesized nal porous materials were characterized and used for the supercapacitor electrode application.
Materials characterization
The morphology and microstructures of the samples was examined by a FEI Nova Nano SEM 450 eld emission scanning electron microscopy (FE-SEM) and Transmission Electron Microscope (TEM FEI Tecnai F20 microscope). The structural characterization for crystalline nature of the synthesized materials was analyzed using an X-ray diffraction (XRD, D/MAX-2500/PC; Rigaku Co., Tokyo, Japan). For surface area and pore size distribution, nitrogen adsorption-desorption isotherms were obtained at 77 K using a Micromeritics Tristar 3000 gas adsorption analyzer. The Raman spectrum was recorded on a LabRAM HR UV/vis/NIR (Horiba Jobin Yvon, France) using a CW Ar-ion laser (514.5 nm) as an excitation source focused through a confocal microscope (BXFM, Olympus, Japan) equipped with an objective lens (50 mm, numerical aperture 0.50) at room temperature. The X-ray photoelectron spectroscopy (XPS) spectrum was recorded on a MultiLab 2000 photoelectron spectrometer (Thermo-VG Scientic, USA) with Al Ka (1486.6 eV) as the X-ray source. All XPS spectra were corrected using the C 1s line at 284.6 eV. The changes in the surface chemical bonding and surface composition were characterized by Fourier transform infrared spectroscopy (FTIR, Jasco FT-IR 4100) and the test samples were pressed into tablets with KBr.
Preparation of electrode
The glassy carbon electrodes (GCEs) (5 mm diameter) were rst polished with alumina slurry and then sonicated in absolute ethanol and distilled water for about 5 min, respectively. Then, 5.0 mg of the VGWN hybrid material was dispersed in 1.0 mL of dimethylformamide (DMF) with the aid of ultrasonic agitation to give a 5.0 mg mL À1 black suspension. Then, 10 mL of the black suspension was dropped on a cleaned GCE electrode with the help of a micro-syringe. Aer complete dehydration, 5 mL of Naon (5 wt%) was casted and used as a net to hold the samples on the electrode surface stably. Thus, a uniform lm of VGWN hybrids coats on the surface of GCE. The solvent was allowed to evaporate before the electrochemical test. All electrochemical measurements were done in a three electrode system. The electrochemical measurements, such as cyclic voltammetry (CV) and long-term cycling stability were carried out by employing an electrochemical workstation (SI 1287, Solartron Analytical). The as prepared VGWN hybrids electrode behave as working electrode, Pt (platinum) wire as a counter electrode, and Ag/AgCl electrode as a reference electrode. The electrochemical properties and specic capacitances of the VGWN hybrids electrode materials were investigated in 5 M KOH electrolyte.
Results and discussion
The microstructural morphology of the MEGO and VGWN hybrids nanostructures were characterized by SEM and TEM. Fig. 1(a) shows the SEM image which indicates that the prepared MEGO has crumpled, curly and wavy morphology. The observed wrinkles and folds over the entire surface of MEGO are characteristic nature of graphene sheets. 24 The edges of the MEGO can be clearly seen in Fig. 1(a) , which shows the open porous structure, with several voids on the edges. During the formation of VGWN hybrids, these open voids play crucial role for the wrapping of NiO nanoparticles. The SEM analysis in Fig. 1(b) demonstrates the morphology of the as synthesized VGWN hybrids, depicting the well-distributed and dispersed NiO nanoparticle inside the voids and no detectable particle agglomeration is seen as shown in Fig. 1(b) . The average size of the NiO nanoparticles inside the graphene sheets is approximately 30-60 nm. The NiO nanoparticles in VGWN hybrids could be easily bridged by graphene sheets owing to their relatively larger lateral sizes, yielding a wrapped interconnected VGWN hybrid network. The strong electrostatic interaction between oppositely charged NiO and graphene oxide together with the exibility of graphene oxide can be responsible for this. It is expected that the NiO nanoparticles are homogeneously distributed and tightly attached in voids and are covered by graphene layers. These conductive graphene surfaces provides conducting channels for electrons and generates synergism effects in VGWN hybrids.
25 Inset of Fig. 1(c) shows the voids available inside the graphene sheets near the NiO nanoparticles. Meanwhile, NiO nanoparticles wrapped by graphene sheets and the voids inside graphene surfaces are clearly seen through the transparent graphene sheets. The graphene wrapping is more visible in Fig. 1(d) . This also shows the wrapped graphene sheets structure on the NiO nanoparticles. Additionally, the voids with wrapped graphene network could serve as promising electrodes and/or supporting matrixes for advanced electrodes in energy storage and conversion systems owing to the enhanced host capability, structural stability, and electrical conductivity. It is seen from Fig. 1(c) and (d) that the VGWN hybrids consists of thin, crumpled closely connected transparent network structure and NiO nanoparticles are nearly spherical in shape. It is clear that the voids are seen inside graphene which exhibits a porous structure as seen in Fig. 1(d) (magnied view can be seen in ESI Fig. S1 †) . These voids containing spaces inside graphene are expected to increase the active surface area and therefore may increase the specic capacitance as well as cycle stability of the VGWN hybrids. The unique VGWN hybrids, combined with nanostructured wall and/or pores seamlessly, can serve as freeway networks for quick electron transfer and easy electrolyte ion diffusion in the electrodes. We have also tried to observe the morphological changes in VGWN hybrids for longer microwave irradiation. For long time microwave irradiation (4 minutes), shows that the VGWN hybrids nanostructure starts to damage their internal morphologies and structural defect appears on the surfaces (ESI Fig. S2 †) . Also, NiO nanoparticles started to agglomerate due to high temperature for long time during the microwave irradiation. The wrapped graphene sheets are broken in nearby locations on the surfaces and voids are open on the top surfaces. In another word we can say that the microwave irradiation for 3 minutes is well suited for the good networked VGWN hybrids formation.
Further the nitrogen (N 2 ) adsorption-desorption isotherms was used to measure the surface areas and the corresponding pore size distribution for porous structure of VGWN hybrids. The surface area of VGWN hybrids was evaluated by the Brunauer-Emmett-Teller (BET) model, while the pore size distribution was estimated with Barrett-Joyner-Halenda (BJH) theory. It can be seen in Fig. 2 that measured N 2 adsorptiondesorption curve display type IV adsorption isotherms with clear hysteresis loop indicating that the VGWN hybrids contain mesopores (according to IUPAC classication) in their structures. As a result, larger BET areas and higher pore volumes are obtained. The BET surface area of as synthesized VGWN hybrids in this work is 398 m 2 g
À1
, which is high due to the insertion of voids and wrapped morphology structure. However, this value is much smaller than the theoretical value (2630 m 2 g À1 for a single graphene sheet) due to the overlapping of graphene sheets and multi layers structure. 7 It can be seen that most pores are distributed in a wide range from 5 to 15 nm (inset of Fig. 2 ), suggesting that as synthesized VGWN hybrids exhibit porous structures mainly composed of mesopores due to voids.
26
The wrapping of graphene onto NiO nanoparticles was also conrmed by TEM images in Fig. 3 . Both the NiO nanoparticles and wrinkled structured graphene sheets can be clearly seen. However, the NiO nanoparticles were not agglomerated and are spherical within the graphene sheets. Surface of graphenewrapped NiO spheres appears crinkled and rough, which can provide more space for the electrolyte to transport more freely. . 28 The one broad characteristic peak (002) at 2q ¼ 25.1 can be seen, which represent the presence of graphene. The corresponding interlayer spacing is more as compared to MEGO because the inset of Fig. 3(b) shows that the (002) peak in pristine MEGO appears at 2q ¼ 26.4 . The small angle shi ($1.3 ) due to the formation of VGWN hybrids, suggest that the interlayer spacing of graphene layers are increased due to stress and voids creations during the wrapping of NiO nanoparticles by the graphene sheets. Raman spectrum is strongly sensitive to the electronic structure and has been widely used to characterize carbon based materials. 29 The Raman spectra of MEGO and VGWN hybrids are shown in Fig. 4(c) . As shown in Fig. 4(c) , two characteristic bands were observed in Raman spectra i.e., the G band arising from the in-plane bond stretching of all sp 2 
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The FTIR spectra of the products are shown in Fig. 4 (d). The broad absorption peak centred at 3426 cm À1 and 3418 cm À1 in MEGO and VGWN hybrids is associated with the asymmetric and symmetric stretching vibrations of the -OH group of moisture and the surface hydroxyls. 35 The intensity of -OH band in VGWN hybrids located at 3418 cm À1 is reduced, which is likely due to detachment of -OH and removal of moisture from the graphene surfaces. Furthermore, a new absorption peak located at 1560 cm À1 corresponding to the aromatic skeletal of C]C stretching vibration is observed, which further instruct the reduction of MEGO. 36 Another peak at 1076 cm À1 corresponds to the vibration adsorption peak of C-O-C. 37 The Fig. 2 Nitrogen adsorption-desorption isotherms of VGWN hybrids (inset: the BJH pore size distribution plot). strongest broad peaks in the range of 400-1000 cm À1 are derived from the stretching vibration of NiO.
38
The surface chemical states, composition change and interaction of VGWN hybrids were investigated by X-ray photoelectron spectroscopy (XPS). XPS spectrum of VGWN hybrids as (a) XPS survey region (b) high-resolution spectra of Ni 2p, (c) C 1s, and (d) O 1s regions are shown in Fig. 5 . In the XPS survey spectrum of VGWN (Fig. 5(a) ), it shows that the hybrids mainly consists of carbon C 1s (284.5 eV), oxygen O 1s (531.8 eV) and nickel Ni 2p (855.6 and 873.2 eV). No other elemental signals are detected in the general XPS spectrum. Fig. 5(b) , shows the high resolution of Ni 2p spectrum, which is associated with two main peaks Ni 2p 3/2 and Ni 2p 1/2 , in which the Ni 2p 3/2 centred at 855.6 eV and Ni 2p 1/2 at 873.2 eV, respectively. The energy separation between Ni 2p 3/2 and Ni 2p 1/2 peaks is observed to be 17.6 eV and is in good agreement with the formation of NiO nanoparticles. 39, 40 This formation of NiO is also consistent with Raman and XRD results. The intense peak at 284.5 eV can be attributed to sp
2 C]C network in graphene, while the other peaks are associated with groups arising from oxygen containing groups bonded with carbon. 41 The others minor deconvoluted peaks at 286.1, 286.9, 288.8 eV corresponds to single bonded components of hydroxyl in C-O (286.1 eV), carbonyl carbon in C]O (286.9 eV) and the carboxylate carbon in O-C]O (288.8 eV), respectively. 42, 43 The intensity of the peak related to the C]C group is much greater than those associated with oxygen containing groups, which indicates that most of the oxygen-containing groups are removed during the attachment of metal oxides on the graphene surface. For O 1s, (Fig. 5(d) ), the spectra deconvoluted into three peaks. The peak at 529.8 eV is due to the oxygen bonded with nickel in NiO, while 531.8 eV can be ascribed to the oxygen that binds to Ni 2p, and the other at higher binding energy of 532.7 can be assigned to the oxygen of functional groups (COO-).
44,45 Electrochemical measurements
To investigate the electrochemical potential application, the samples were fabricated in the form of electrodes and the relevant electrochemical behaviour was characterized by electrochemical workstation in three electrodes system. The CV curves of VGWN hybrids electrodes was measured at different scan rates in the potential window ranging from 0 to 0.8 V (vs. Ag/AgCl). Fig. 6(a) presents the CV curves of the VGWN hybrids electrode at scan rate of 10, 25, 50, 75 and 100 mV s À1 , respectively. The voltammetry cycles characteristics show good capacitive response even at a high scan rate. The rectangularlike shape and the appearance of small humps in the CV curves indicate that the capacitive response mainly comes from the electric double-layer capacitance (EDLC) behaviour. Reduction peaks move toward lower potentials when the scan rate is increased which may be due to the electric polarization and irreversible reactions at a higher scan rate. 46 This void contains NiO nanoparticles completely wrapped by conducting graphene sheets, effectively facilitate the transportation of electrolyte ions on its surfaces during the cycling process and, thus, improves the supercapacitance. Therefore, both the presence of voids in graphene and wrapping of NiO by graphene contribute to the observed high specic capacitance for VGWN hybrids. Fig. 6(b) show the specic capacitances of the VGWN hybrid electrodes as 549, 469, 421, 407 and 408 F g À1 at scan rates of 10, 25, 50, 75 and 100 mV s À1 , respectively. The electrochemical measurements for partially MEGO prepared under similar conditions were carried out for the comparison purpose. The MEGO have lower specic capacitance as 362, 298, 264, 249 and 248 at scan rates of 10, 25, 50, 75 and 100 mV s À1 , respectively. The improvement in specic capacitance of VGWN hybrids as comparison to MEGO may be due to the wrapping of NiO nanoparticles and voids formation inside graphene layers during wrapping. These two reasons are mainly responsible for the enhanced specic capacitance of VGWN hybrids. Fig. 6(c) shows the long cycling life and multiple cycle performance of VGWN hybrids, which are important requirements for a supercapacitor electrode. The cycle stability of the electrode was carried out by repeating the charge/ discharge cycle measurement for 2500 cycles at constant current density of 8 A g À1 . The specic capacitance of the VGWN hybrid electrode decreases up to 12% of initial value for the rst 115 cycles, which was due to an activation process and the degradation of microstructure of electrode material in the supercapacitor electrode. However, the value remained stable as 88%, exhibiting the better long-term electrochemical stability of as synthesized hybrids. The achieved specic capacitance, long term stability and retention properties of as synthesized VGWN hybrids shows better performance than the works reported by others on NiO-graphene hybrids based supercapacitors.
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(ESI Table S1 . † Comparison of electrochemical performance of NiO-graphene hybrids based supercapacitors.) The capacitance was maintained without obvious aging or performance degradation, which demonstrate the excellent electrochemical performance of the VGWN hybrid electrode material for application in practical energy storage devices. The reason is that the NiO nanoparticles wrapped and inserted into the VGWN hybrids prevent not only the loss of surface contact, but also the insertion of NiO nanoparticles attributed to their volume expansions during cycling at higher current density. The void volume inside graphene can allow easy penetration of the electrolyte, further shortening the ion transfer pathway to their surfaces. The repeated cycling would help electrolyte ions move into the spaces among NiO nanoparticles and graphene and utilize the larger space of hybrids. During charge/discharge process, the conned NiO nanoparticles in voids are stables, and these particles can not move inside the graphene layers. Therefore, the hybrids can greatly reduce the diffusion length, resulting in an improvement of electrochemical properties of the hybrid materials. These results further conrms that the wrapped and voids like structure for metal oxide are important for enhancing the specic capacitance of VGWN hybrids. Also, the interfacial contact and increased contact area between NiO and MEGO can signicantly improve the accessibility of VGWN hybrids to the electrolyte ions and shorten the ion diffusion and migration pathways. It is concluded that the synergistic effect between wrapped conducting graphene sheets with voids and NiO nanoparticles is responsible for the excellent electrochemical performance.
Mechanism for the formation of VGWN hybrids
The procedure for the preparation of the VGWN hybrids is illustrated in Fig. 7 . The MEGO suspension was rst dispersed in nickel nitrate solution with NH 3 H 2 O. Under ultrasonication the Ni 2+ ions were adsorbed on the MEGO surface due to the functional groups on the MEGO surface. These functional groups attached on the graphene surfaces are responsible for the bonding of the NiO nanoparticle with graphene surface.
Step-I shows that MEGO treated with NH 3 $H 2 O provides alkaline media for the creation of amine group on the graphene surfaces. Also the MEGO has a negatively charged surface due to the presence of carboxylic, hydroxyl and epoxy groups which bind nickel oxide through electrostatic interactions. These functionalities provide oxygen bridges between MEGO and NiO nanoparticles and also contribute to the good conductivity of the VGWN hybrid, which directly correlates to excellent electrochemical performance. 67 Including
Step I and II, the reaction pathway can be written as
In
Step III, MEGO with NiO nanoparticles are irradiated with microwave and during this process, defects and disorders were induced on the surface of MEGO containing NiO nanoparticles. 70 The MEGO structure gets changed by the incorporation of pentagon-heptagon defects and strained domains induced structural defect, giving rise to accommodation of edge dislocations. 71 The local positive and negative defects on graphene sheets show the curvature in form of voids. These defects can be created through the thermal energy transformation from microwave irradiation to graphene sheets within short time.
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These defects sites appear on the graphene surface creates active sites for wrapping. The remaining functional groups on the surface of MEGO serve as nucleation and anchoring sites for NiO nanoparticles during the microwave irradiation. Thus, NiO nanoparticles were covered by outer graphene layer of MEGO and are dispersed inside the graphene sheets in the MEGO to ll the inner voids as shown in Fig. 7 . 73, 74 The partially reduced MEGO shows this crucial phenomena for the unique voids induced graphene wrapped NiO nanostructure. Consequently, due to voids formation during the wrapping of NiO into MEGO, the electrochemical performance and structural integrity of the VGWN remains superior.
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Conclusions
In summary, a simple approach is used to fabricate the VGWN hybrids via the microwave exfoliation method. The unique structure of graphene and NiO exhibits enhanced electrode performance for supercapacitors with high specic capacitance and cycling performance. The introduction of graphene into the hybrids can offer highly conductive pathways by bridging adjacent NiO together, facilitating the kinetics for both charge transfer and ion transport throughout the electrodes. Therefore, the hybrids can greatly reduce the diffusion length, resulting in an improvement of electrochemical properties of the hybrid materials. The hollow voids interior could provide larger specic surface area, better electrolyte penetration and less inner stress. Additionally, the graphene surfaces afford good contact with NiO towards all the sides. Furthermore, the VGWN hybrids as a supercapacitor electrode offered high specic capacitance of 549 F g À1 at scan rate of 10 mV s À1 . Furthermore, the VGWN hybrids as electrode materials have a good cycling stability, and the capacitance was maintained at 88% aer 115 cycles at a current density of 8 A g À1 . The unique nanostructure of NiO wrapped up with highly exible and conductive graphene nanosheets represents an effective strategy that may be applied for various metal oxide electrodes to mitigate the mechanical degradation and capacity fading, critical for developing advanced electrochemical energy storage systems with long cycle life and high rate performance.
